The cyanobacterial cytochrome b 6 f complex is central for the coordination of photosynthetic and respiratory electron transport and also for the balance between linear and cyclic electron transport. The development of a purification strategy for a highly active dimeric b 6 f complex from the thermophilic cyanobacterium Thermosynechococcus elongatus BP-1 enabled characterization of the structural and functional role of the small subunit PetP in this complex. Moreover, the efficient transformability of this strain allowed the generation of a DpetP mutant. Analysis on the whole-cell level by growth curves, photosystem II light saturation curves, and P700 + reduction kinetics indicate a strong decrease in the linear electron transport in the mutant strain versus the wild type, while the cyclic electron transport via photosystem I and cytochrome b 6 f is largely unaffected. This reduction in linear electron transport is accompanied by a strongly decreased stability and activity of the isolated DpetP complex in comparison with the dimeric wild-type complex, which binds two PetP subunits. The distinct behavior of linear and cyclic electron transport may suggest the presence of two distinguishable pools of cytochrome b 6 f complexes with different functions that might be correlated with supercomplex formation.
INTRODUCTION
Oxygenic photosynthesis, which is able to utilize the energy of electromagnetic radiation for the formation of carbon bonds, i.e., to transform and store it as chemical energy, is one of the most important achievements of evolution. Cyanobacteria, according to the endosymbiotic theory (Mereschkowsky, 1905; Margulis, 1975; Martin and Kowallik, 1999 ) the evolutional ancestors of chloroplasts, are the simplest model system performing oxygenic photosynthesis. In contrast to purple and green sulfur bacteria that perform anoxygenic photosynthesis with only one photosynthetic reaction center, cyanobacteria use, for the first time in evolution, two photosystems, i.e., photosystem II (PSII) and photosystem I (PSI). They are connected in series by the cytochrome b 6 f complex (b 6 f), the central component and switching point of photosynthetic electron transport. The detailed structural characterization of all three major photosynthetic membrane protein complexes from cyanobacteria, PSII (Zouni et al., 2001; Ferreira et al., 2004; Umena et al., 2011) , PSI (Jordan et al., 2001) , and b 6 f Hasan et al., 2013) , provided the basis for a functional understanding on the molecular level of each complex. By contrast, the coordinated functional interaction between these complexes is still widely unknown (Iwai et al., 2010) .
Despite many, mainly functional, similarities between chloroplasts and cyanobacteria, there are fundamental differences especially in the morphology of their membrane systems: While thylakoids of chloroplasts consist of stacked grana enriched in PSII and light-harvesting complex II complexes and unstacked stroma thylakoids enriched in PSI and ATP synthase (Allen and Forsberg, 2001) , cyanobacteria are lacking a stroma and grana compartmentalization. Instead, their membranes show PSII dimers organized in parallel rows (Olivea et al., 1997; Folea et al., 2008) with apparently randomly distributed PSI trimers in between (Westermann et al., 1999) . However, for both thylakoid membrane systems of plants and cyanobacteria, the distribution of b 6 f is still unclear with most authors believing in an even distribution of this complex over the whole membrane (Hinshaw and Miller, 1993; Kirchhoff et al., 2000; Allen and Forsberg, 2001 ) or a state dependent distribution of b 6 f (Vallon et al., 1991) . In cyanobacterial thylakoids, b 6 f is central to both photosynthetic and respiratory electron transport chain (Norling et al., 1997; Zak et al., 2001; Huang et al., 2002; Schultze et al., 2009) , which are separated into chloroplasts and mitochondria in plants. Also, mitochondria contain a bc 1 complex instead of b 6 f (Widger et al., 1984) . Instead of separate organelles and membrane types, cyanobacterial thylakoids contain function-correlated discrete patches (Rexroth et al., 2011) , which apparently can regulate electron transport by redistribution of the complexes involved. This is suggested by the respiratory complexes NADH:ubiquinone oxidoreductase 1 (NDH-1) and succinate dehydrogenase, which have been shown to form discrete patches when the plastoquinone (PQ) pool is predominantly oxidized (Liu et al., 2012) . Due to its central role in the cyanobacterial electron transport network, a similar mechanism is likely for b 6 f, which links plastoquinone reducing membrane protein complexes (i.e., PSII and NADH dehydrogenase), with plastocyanin and cytochrome c oxidizing complexes (PSI and cytochrome oxidase). Also, b 6 f is involved in two cyclic electron transport pathways: The complex-internal "Q-cycle" and an "external" one, of which some components are still ambiguous (Yeremenko et al., 2005; Battchikova et al., 2011) .
The structure at 2.7 Å of several dimeric cytochrome b 6 f complexes from cyanobacteria and green algae shows eight subunits per monomer Stroebel et al., 2003; Baniulis et al., 2009; Hasan et al., 2013) . The four large subunits cytochrome f (cyt f), cytochrome b 6 (cyt b 6 ), the Rieske iron-sulfur protein, and subunit IV (SU IV) are directly involved in electron transport, while the four small subunits PetG, PetL, PetM, and PetN are apparently involved in the structural stabilization of the complex. The more highly resolved crystal structures of the lumen-exposed water soluble parts of the complex, i.e., cyt f and the Rieske protein, suggest novel structural features for proton transport (Carrell et al., 1999) and regulation of the Rieske domain movement (Carrell et al., 1999; Bernat and Rögner, 2011; Kallas, 2012; Veit et al., 2012) . (A) Elution profile from a preparative IMAC column (first purification step): peak 1 with nonspecifically bound proteins, mainly NADH-dehydrogenase and PSI, peak 2 with enriched b 6 f. Chelating sepharose Fast Flow (GE Healthcare), 0.5 mL/min, 4°C, gradient: 10 to 100 mM histidine. (B) Elution profile from preparative anion exchange chromatography (IEC) column as second purification step: peak 1 b 6 f-monomer and peak 2 b 6 f-dimer. Peak 3 with a mixture of nonspecifically bound proteins. UnoQ1 (Bio-Rad), 0.5 mL/min, 4°C; gradient 1: 0 to 4.2 mM NaCl, gradient 2: 4.2 to 8.2 mM NaCl, gradient 3: 8.2 to 20 mM NaCl. In addition to these "consensus" subunits, further components with weaker binding affinities and/or transient interactions with the complex could be identified: In green algae and higher plants, binding of the ferredoxin-NADP reductase (FNR) (Zhang et al., 2001 ) and of the subunit PetO, which is possibly involved in the regulation of state transitions (Hamel et al., 2000) has been shown. Also, we recently showed the presence of a potentially new b 6 f subunit, PetP, in b 6 f-preprations from both the mesophilic cyanobacterium Synechocystis PCC 6803 and the thermophilic cyanobacterium Thermosynechococcus elongatus BP-1 (Volkmer et al., 2007; Gendrullis et al., 2008; Nowaczyk et al., 2010) . Most remarkably, this protein is highly conserved in cyanobacteria and red algae, but not present in green algae and plants (Volkmer et al., 2007) .
Here, we show the isolation of a highly active dimeric b 6 f complex with quantitatively bound PetP subunit. Due to the stability of this complex and the transformability of its host, the thermophilic T. elongatus, the effect of PetP both on the isolated complex and on the cellular electron transport could be characterized in detail. Pronounced differences involved a distinct decrease in the linear electron transport rate and stability of the complex in the absence of PetP.
RESULTS

Isolation and Subunit Quantification of b 6 f from T. elongatus
For the isolation of a functional dimeric b 6 f complex from T. elongatus, the use of a molecular tag system was crucial. Figure 1A shows the elution of b 6 f with C-terminal His-tag at the cyt f subunit from an immobilized metal ion affinity chromatography (IMAC) column. The tag shortened the biochemical separation considerably; also, the exposure time to unregulated proteases and reactive oxygen species could be minimized by this step. The b 6 f-containing fractions from this IMAC run were applied to an ion exchange column ( Figure 1B ), which separated fractions of monomeric from dimeric complexes and also yielded a third fraction containing coeluting PSI and NDH complex.
Subunit composition of the isolated monomeric and dimeric b 6 f complexes was analyzed by matrix-assisted laser desorption/ ionization-time-of-flight (MALDI-TOF) ( Figure 1C ; Supplemental Table 1 ) and SDS-PAGE ( Figure 1D ) with signals of the intact proteins in the mass spectrum being assigned on basis of the mass/charge ratio of the subunits in the b 6 f complex. By these combined methods, altogether nine subunits could be detected: four large (cyt f, cyt b 6 , the Rieske protein, and SU IV) and five small subunits (PetG, -L, -M, -N, and -P). The determined masses agree well with the theoretical masses based on protein sequence data (deviations <1%), if signals for single-and double-charged protein subunits and posttranslational modifications are considered (Whitelegge et al., 2002; de Vitry et al., 2004) . Notably, a mass consistent with PetL was identified, although this subunit was not annotated in the genome of T. elongatus. Possibly this open reading frame was missed during genome annotation due to the small size of PetL (Nowaczyk et al., 2011) . For this reason, we used the homolog of Synechocystis sp PCC 6803 as theoretical mass (for details, see Supplemental Table 1 ).
Subunit stoichiometry within T. elongatus cells was determined by absolute protein quantification based on SRM analysis with isotope-labeled standard peptides (Table 1) . Although the accessibility of the protein during the proteolytic digest affects the quantification per cell, there is clear evidence for a 1:1:1 stoichiometry between Rieske, SU IV, and PetP. The estimated amount of FNR (PetH) per cell closely matches to the value determined for Synechocystis PCC 6803 (Moal and Lagoutte, 2012) .
Monomeric and dimeric b 6 f have also been carefully compared by a detailed subunit SDS-PAGE analysis ( Figure 1D ). While after the IMAC column (first purification step) all four major b 6 f subunits could be detected (lane 1), analysis after the ion exchange chromatography (IEC) showed a monomeric complex (lane 2), which in contrast to the dimeric complex (lane 3), had lost the Rieske protein, as confirmed by immunoblot analysis (Breyton et al., 1997; Cramer et al., 2005) . Under long-term storage of the isolated dimeric complex, a loss of the Rieske subunit and a subsequent monomerization is observed (Supplemental Figure 1) .
Similar to the Rieske, the 7.1-kD subunit PetP is present both after purification by IMAC and in the dimeric b 6 f after IEC, but apparently missing in the monomeric complex. By SDS-PAGE analysis, an apparent mass of 11 to 12 kD is observed both for the protein isolated from T. elongatus ( Figure 1D ) and that expressed heterologously in Escherichia coli (see below). Identity of the subunit was verified unambiguously by immunoblot and liquid chromatography-tandem mass spectrometry analysis, while the mass of 7104 6 36 D was confirmed by MALDI-MS analysis of the intact protein ( Figure 1C ; Supplemental Table 1) . A more detailed analysis by immunoblot and mass spectrometry (MS) confirmed a significantly reduced PetP content (<30%) in the b 6 f monomer compared with the dimer.
Localization of PetP Subunit in the Dimeric b 6 f Complex
For the localization of PetP, we used a combination of crosslinking and high-resolution mass spectrometry. Subunits of the The position of PetP is based on the cross-link between K7 and K20 of subunit IV (blue spheres) and the N terminus of PetP (unknown structure) as shown in the structural model of b 6 f from Nostoc sp PCC 7120 (PDB code: 4H44) (Hasan et al., 2013) . isolated b 6 f complex were cross-linked by incubation with the isotope-coded cross-linker BS 3 -H12/D12, and tryptic peptides were analyzed by high-resolution mass spectrometry. Data analysis revealed the presence of two cross-linked peptides between the N terminus of PetP and the N-terminal part (K7 and K20) of subunit IV (PetD) within the b 6 f complex (Supplemental Table 2 ). Both cross-links were identified based on MS 2 spectra of the light and heavy variant (Supplemental Figure 2) of the cross-linker (H12/ D12) using StavroX software (Götze et al., 2012) . The independent identification of the cross-link by both the hydrogen and deuterium substituted linker served to suppress false positives and verify the identified cross-links. The 12-D shift is clearly visible in the MS and MS 2 spectra (Supplemental Figure 2) . This approach pinpoints PetP to the cytoplasmic side of the b 6 f complex (Figure 2 To analyze the physiological function of PetP, a DpetP mutant was generated in the genomic background of the tagged b 6 f variant with a His-tag on the cyt f subunit (for simplicity, the Histagged variant is referred to as "WT" hereafter). Purification of the b 6 f-DPetP complex was done similar to that of the WT complex, i.e., by an IMAC column followed by an IEC column. Figure 3 shows the elution of b 6 f-DPetP from the IEC column, after prepurification by the IMAC column. In comparison with the WT complex ( Figure 1B ), the amount of monomeric b 6 f-DPetP (peak 1) clearly increased relative to the dimer (peak 2). Also, a new fraction consisting of unbound material (peak 0) appeared exclusively in the b 6 f-DpetP mutant. SDS-PAGE of the isolated complex after the IMAC column ( Figure 3B , lane 1) showed, besides numerous weaker bands, three intense bands that could be identified by immunoblot and MS analysis as subunits cyt f, SU IV, cyt b 6 , and the Rieske protein with the latter two being superimposed in one band. Lane 2 showing IEC fraction 0 contained several b 6 f subunits that, however, appear to originate from a denatured or degraded complex as was apparent from a distinctly lower mass of the cyt f subunit. Similarly, IEC fraction 1 (b 6 f monomer, lane 3) and fraction 2 (dimer, lane 4) showed a double cyt f band, of which the lower was a degradation product as confirmed by immunoblot analysis ( Figure  3C ). Additionally, immunoblots of the other subunits indicated a degradation of SU IV and a massive loss of the Rieske protein especially in the b 6 f monomer, while cyt b 6 remained approximately unchanged. Using a specific PetP antibody, Figure 3C also confirms the complete absence of PetP in the ΔpetP mutant on the protein level with heterologously expressed PetP from T. elongatus being used as reference. Additionally, PetP deficiency (A) Elution profile from a preparative IEC column (second purification step): peak 0, with b 6 f degradation forms; peak 1, b 6 f-monomer; peak 2, b 6 f-dimer. UnoQ1 (Bio-Rad), 0.5 mL/min, 4°C; gradient 1: 0 to 4.2 mM NaCl, gradient 2: 4.2 to 8.2 mM NaCl, gradient 3: 8 0.2 to 20 mM NaCl. (B) SDS-PAGE (silver-stained) of fractions from chromatography: (1) IMAC of b 6 f-DPetP, (2) peak 0 of IEC, (3) peak 1 of IEC, and (4) peak 2 of IEC. in the mutant was demonstrated by liquid chromatography-mass spectrometry (LC-MS) analysis of both isolated complexes and whole-cell extracts. Figure 3D shows the blue-native gel electrophoresis (BN-PAGE) analysis of b 6 f complexes isolated from WT and the DpetP mutant. It is apparent that already after IMAC the b 6 f-DpetP complex was mainly a monomer with a very small amount of dimer remaining (lane 1). This is reflected by the IEC run (lane 2+3), which showed a strong monomer and a very weak dimer band (lane 3), in agreement with a small dimer peak in Figure 3A . Apparently, the originally dimeric b 6 f-DpetP complex easily dissociates during storage or under the conditions of native electrophoresis. By contrast, BN-PAGE of WT b 6 f (with His-tag) showed a distinct amount of dimer both after IMAC (lane 4) and IEC column (lane 6, dimer peak), with homogenous monomeric complexes (lanes 2 and 5, respectively).
In summary, the b 6 f dimer seems to be destabilized in the DpetP mutant, which is also indicated by an additional degradation peak in the IEC step.
The different stability of b 6 f complexes from WT and DpetP mutant is also clearly reflected by their electron transport activity: In contrast to WT complexes with activities of (110 6 34) e 2 /s/cyt f after IMAC column and (256 6 70) e 2 /s/cyt f for the dimeric IEC fraction, DPetP mutant complexes yielded only (18 6 2) e 2 /s/cyt f after IMAC column and no activity after IEC.
Interaction of b 6 f with PetP
To test for direct interaction of the isolated partners in an in vitro system, PetP that had been heterologously expressed in E. coli was bound via a Strep-tag to a Strep-Tactin sepharose column and probed for interaction with a b 6 f-DPetP complex isolated from the corresponding mutant. Figure 4A illustrates a pull-down assay to copurify potential interaction partners of PetP. When isolated b 6 f-DPetP complex was subjected to the pull-down assay, analysis of the various fractions by SDS-PAGE ( Figure 4B ) showed a coelution of b 6 f with PetP upon desthiobiotin treatment (lane 5), indicating specific binding of the complex via strep-tagged PetP to the column matrix. The identity of the protein subunits was confirmed by MS and immunoblotting analysis.
To exclude nonspecific binding of the complex to the column matrix, b 6 f-DPetP was also applied to a column matrix lacking immobilized PetP. The fact that neither SDS-PAGE nor LC-MS could identify any b 6 f subunit after various washing steps confirmed that the binding of b 6 f-DPetP to the column was mediated exclusively by PetP.
For the detection of new interaction partners, extracts of cytosolic and membrane proteins were applied to the column with immobilized PetP. BN-PAGE, SDS-PAGE, and LC-MS analysis were used to identify b 6 f subunits and potential interaction partners in the fractions eluted with desthiobiotin from the column. Table 2 summarizes proteins that have been identified by direct LC-MS analysis from the desthiobiotin eluates. In addition to b 6 f subunits, various PSI subunits as well as ferredoxin were identified specifically in the fractions eluted from the PetP column. In the blue-native gel, a weak band with ;1000 kD mass was visualized ( Figure 4C, a) , which contained both PSI and b 6 f subunits. This indicates a direct interaction of b 6 f and PSI complexes as has been reported for green algae (Iwai et al., 2010) . Also, SDS-PAGE ( Figure 4D ) and subsequent LC-MS indicate the binding of NdhF3 and protein Tll1812; the latter is a homolog of protein Sll2012 from Synechocystis sp PCC 6803, which is induced by CO 2 limitation and has been proposed as constituent of a Na + -translocating NADH dehydrogenase (Wang et al., 2004; Daley et al., 2012) . 
Effect of PetP on Cell Growth
On the whole-cell level, the functional effect of PetP was analyzed via growth curves and electron transport kinetics of the DpetP mutant, WT, and petP-complementation mutant. Growth curves were recorded under different light conditions, revealing no significant change in the generation time at 80 mE m 22 s 21 between WT (10.4 6 0.6) h, DpetP mutant (11.6 6 1.1) h, and petP-complementation mutant (10.4 6 0.9) h. By contrast, significant changes were observed at 120 mE m 22 s 21 : While the generation time of WT and petP-complementation mutant remained constant (at 9.9 6 1.1 and 10.1 6 1.1 h, respectively), the DpetP mutant showed a distinctly increased generation time (of 15.9 6 0.4 h). Also, in contrast to WT and petP-complementation mutant, the DpetP mutant showed a much slower growth rate, only 62% of WT, and a significantly lower maximum cell density, about OD 2.4 versus about OD 3.7 at 750 nm (Supplemental Figure 3) .
Influence of PetP on Light Tolerance
PSII light saturation curves of WT and mutant cells reveal differences in the relative electron transport rate, i.e., the ratio between absorbed light quanta and transported electrons, and in light adaptation mechanisms. When cells are exposed to gradually increasing light intensities, the electron transport increases in parallel up to its capacity limit. Beyond this point, increasing light intensity induces photoinhibition, i.e., a decrease of the relative electron transport rate. Figure 5 shows such light saturation curves for T. elongatus WT, DpetP mutant, and petP-complementation mutant. In contrast to WT with a maximum electron transport rate at ;130 mE m 22 s 21 , the DpetP mutant reaches its maximum already at 80 mE m 22 s 21 , combined with a 30% lower electron transport rate. This is reverted in the petP-complementation mutant, which shows a similar light tolerance as WT cells, confirming the specific effect of PetP in preventing earlier photoinhibition. It is also in line with the observed slower growth rate of the DpetP mutant at 120 mE m 22 s 21 light (Supplemental Figure 3) . At very high light intensities, i.e., >800 mE m 22 s 21 , WT and DpetP mutant show similar electron transport rates. Under such conditions, the relative electron transport rates are generally reduced due to an overreduced PQ pool, and cyclic electron transport pathways strongly dominate over linear electron transport. Light saturation measurements of T. elongatus WT (green, squares), the DpetP mutant (red, triangles), and the petP-complementation mutant (blue, circles) reveal the dependence of the relative electron transport rate (rETR), i.e., the ratio between absorbed light quanta and transported electrons, on the light intensity. PAR light intensity in mE m 22 s 21 . Error bars indicate the SD of three independent measurements.
[See online article for color version of this figure. ]
Effect of PetP on Electron Transport through b 6 f
To quantify linear and cyclic photosynthetic electron transport as well as the respiratory electron transport toward cytochrome c oxidase (COX), P700 reduction kinetics after saturating light pulses were recorded in samples with and without inhibitors of specific electron transport routes ( Figure 6A ; Supplemental Figure 4 ). Such P700 reduction rates are shown in Table 3 for WT and the DpetP mutant. Based on these measurements, electron transport rates were determined for the different routes ( Figure 6B ; for details, see Methods). Apparently, the electron flow through b 6 f is considerably reduced in the DpetP mutant, with a decrease in comparison to WT down to 22% (linear electron transport from PSII; Figure 6A , i), 32% (flow toward PSI; Figure 6A , ii), and 28% (flow toward COX; Figure 6A , iii), respectively. As the ratio of the electron transport to PSI and COX stays constant despite the significant decrease in the transport capacity of b 6 f, distribution of electrons by the reduced cytochrome c is not affected by the absence of PetP. However, the over 3-fold decelerated linear electron transport in the mutant indicates distinctly slower electron transport through b 6 f in the absence of PetP resulting in delayed rereduction of PSI. Inhibition of the linear electron transport from PSII by DCMU decreases the P700 rereduction rate for WT and DpetP mutant to 12 and 39% of the rate observed in the untreated sample, respectively. This is due to the high percentage of linear relative to total electron transport. By contrast, there is only a minor change in the cyclic electron transport rate, which decreases in the mutant to 73 and 62% under conditions of oxidized or reduced PQ pool, respectively. This indicates a 25% contribution of cyclic electron flow to the P700 rereduction in the mutant and a 10% contribution in WT without any inhibitors.
In conclusion, the low electron transport rate in the DpetP mutant can be attributed mainly to reduced linear electron transport through b 6 f, which causes overreduction of the PQ pool.
DISCUSSION
Isolation of Stable Dimeric b 6 f Complexes Indicates Structural Constraints
Since the first isolation of an active b 6 f complex from spinach (Spinacia oleracea) chloroplasts (Hurt and Hauska, 1981) , the purification strategy has been continuously improved and used for many photoautotrophic organisms ranging from cyanobacteria to green algae. Considerable progress resulted from the introduction of molecular genetic tag systems for the protein complex isolation, which reduced the purification time and with it the exposure time to detergents and other disintegrating components. Additionally, better column materials and milder detergents resulted in improved isolation of native, active b 6 f complexes that in turn enabled the elucidation of the b 6 f crystal structure from the green alga Chlamydomonas reinhardtii (Stroebel et al., 2003) , the thermophilic cyanobacterium Mastigocladus laminosus , and the mesophilic cyanobacterium Nostoc sp PCC 7120 (Baniulis et al., 2009 ). Here, we report a method developed to isolate dimeric b 6 f complexes in high purity from T. elongatus. In contrast to previously reported preparations with active electron transport, the PetP subunit (Volkmer et al., 2007) was successfully coisolated with this b 6 f complex. The cause for the loss of PetP in the other preparations and also in all available crystal structures may be species dependent, method dependent, or a combination of both. One example of a possible method-specific effect is the treatment of thylakoid membranes with chaotropic salts for the removal of phycobilisomes (Zhang and Cramer, 2004) , which most probably also removes transiently-bound components like PetP.
In contrast to other thermophilic systems , the genome of T. elongatus is completely sequenced (Nakamura et al., 2002 ) and the organism is easily accessible for molecular biology, which enables structural and functional studies of WT and mutant strains. Due to our gentle purification conditions, using a combination of IMAC (via a His-tag on cyt f) with anion exchange chromatography (IEC), the rather labile b 6 f-DpetP mutant complex also could be isolated and characterized in comparison with the WT complex. This yielded information on the stabilizing effect of PetP and the stoichiometry of bound PetP, two subunits per dimer, which could not be obtained on the full-cell level. Furthermore, the binding interface of PetP could be localized on the cytoplasmic side of b 6 f applying advanced cross-linking techniques to the isolated dimeric complex. The specific binding of isolated b 6 f-DpetP mutant complex to immobilized PetP could be demonstrated only by this biochemical approach. Finally, the stability and activity of this preparation now enables detailed characterization of numerous site-directed mutants on the level of isolated b 6 f complexes, which certainly will contribute to a better understanding of structure-function relationships on the molecular level.
Contribution of PetP to the Structure-Function Relationship in Isolated b 6 f
While oligomerization of autonomous monomeric complexes into dimers and trimers is a widespread principle for bioenergetic complexes of the photosynthetic electron transport chain, dimerization of the b 6 f complex is mandatory for its catalytic function (Breyton et al., 1997; Dietrich and Kühlbrandt, 1999) . In contrast to PSI and PSII, which show high electron transport activities also as monomers (Takahashi et al., 2009; Watanabe et al., 2009; El-Mohsnawy et al., 2010) , monomeric b 6 f is structurally impaired and functionally inactive (Breyton et al., 1997; Cramer et al., 2005) . The three-dimensional structure indicates why the dimerization of this complex is important for stability and functionality. As the hydrophobic and the hydrophilic domain of the Rieske protein are structurally and functionally linked with different monomers, this subunit connects the monomers in the dimer. Due to this, monomerization of the b 6 f complex must induce the, at least partial, loss of the Rieske subunit, which is combined with a loss of functionality (Breyton et al., 1997; Cramer et al., 2005) . This is confirmed by our b 6 f preparation from T. elongatus, which is active only as a dimer and loses its activity proportional to its dissociation into monomers.
Remarkably, besides the small subunits PetG, -M, and -N, we observed an additional mass signal corresponding to subunit PetL, which had not been annotated in the genome of T. elongatus. While this may represent the missing link, a final assessment based on these data is not possible as the chemical background in the mass range of PetL contributes significantly to the signal.
Furthermore, a comparison of the b 6 f subunit composition from different organisms indicates a conservation of posttranslational processing of the subunits (Whitelegge et al., 2002; de Vitry et al., 2004) . This includes modifications such as N-formylation, the cleavage of signal sequences and the covalent attachment of prosthetic groups. The electron transport activity of b 6 f isolated from WT T. elongatus, i.e., 256 e 2 /cyt f/s, is also in agreement with activities reported for other organisms (Table 4) . Dietrich and Kühlbrandt (1999) 450 6 60 C. reinhardtii Pierre et al. (1995) 270 6 60 2); red algae: Py. yezoensis (Pyropia yezoensis, pI: 9.1), Py. haitanensis (Pyropia haitanensis, pI: 9.7), Po. purpurea (Porphyra purpurea, pI: 9.8), Po. umbilicalis (Porphyra umbilicalis, pI: 9.4). Fully, highly, and relatively conserved residues are shaded dark green, green, and light green, respectively. Negatively and positively charged residues are highlighted with red and blue, respectively. The alignment was done with the program Clustal Omega (Sievers et al., 2011) .
Evolutionary Implications for the Potential Physiological Role of PetP
PetP is a highly conserved cyanobacterial subunit apparently lacking homologs in green algae and plants. While this may reflect a loss of PetP during evolution, PetP homologs can surprisingly be found in red algae. Although sequence information available for red algae is very limited, a BLASTP analysis yielded seven PetP homologs, all from their plastid genomes. The peptide sequences of cyanobacterial and red algae PetPs are of similar length with sequence identities up to 40% (Figure 7) . Also, a high number of N-terminal positive charges are conserved in the sequence of PetP, complementary to the negative charges in the N-terminal helix of cyt b 6 , the dominant domain of the b 6 f complex exposed to the cytoplasm. As cyanobacteria and red algae also both contain phycobilisomes for light harvesting (Enami et al., 1995) , a functional relationship between PetP and phycobilisomes, possibly in the regulation of state transitions, should be considered and investigated in more detail. We previously reported the inability of Synechocystis petP deletion mutants to perform state transitions under varying light conditions; however, this effect may be indirect and could also be attributed to an overreduced PQ pool (Volkmer et al., 2007) . If PetP has a significant, possibly regulatory, role, the function of this subunit has to be taken over by other subunits in organisms lacking petP genes. A comparison with other deletion mutants shows that only the loss of subunit PetL in plants leads to a similar phenotype as the ΔPetP mutant in cyanobacteria. Both in C. reinhardtii and tobacco (Nicotiana tabacum), the reduced stability of b 6 f (Takahashi et al., 1996) lowers the amount of dimeric complex, Rieske protein (Schwenkert et al., 2007) , and electron transport activity. Similarly to the cyanobacterial ΔPetP mutant, only the linear, but not the cyclic electron transport is affected.
Suggested Role of PetP in Cyanobacterial Electron Transport
The results presented here strongly support a model for the effect of PetP in cyanobacterial photosynthetic electron transport as shown in Figure 8 . This model is based on the dramatic drop of linear electron transport and the essentially unaffected cyclic electron transport in the DpetP mutant. Evaluation of the isolated dimeric complexes of WT and mutant suggests that the impaired b 6 f complex of the mutant, which showed only 12% of the activity of WT complex, is the reason for an overreduced PQ pool leading to the drop in linear electron transport. By contrast, the rather unaffected cyclic electron transport of the mutants, based on the P700 + re-reduction kinetics, suggests the following models: (1) Each individual b 6 f complex lacking PetP is impaired in linear electron transport but still performs, although at a low level, cyclic electron transport. Or, (2) there are distinct b 6 f pools utilized exclusively for linear or cyclic electron transport. The b 6 f pool involved in cyclic transport, for instance, may be stabilized by structural interaction with PSI, NDH-1, and/or other constituents, while the linear electron transport pool is not. Such a supercomplex consisting of PSI, b 6 f, FNR, and other components involved in cyclic electron transport was reported for C. reinhardtii (Iwai et al., 2010) and is also suggested by our BN-PAGE analysis of PetP interaction partners. Additional hints of such a supercomplex in cyanobacteria are the coisolation of b 6 f and PSI from T. elongatus (IMAC column step, this report) and a similar copurification in the case of Synechocystis PCC 6803 (Bald et al., 1992) , which could be avoided only by the use of a PSI-deficient mutant (Shen et al., 1993) . PetP may play an active role in such a rearrangement or "sorting" of membrane complexes due to its ability to bind only transiently to the b 6 f complex. This could imply the transient binding of PetP to other partners as well, which may be involved in a regulatory cycle. We could identify NdhF3 and protein Tll1812, homologous to a potential NADH dehydrogenase subunit (Wang et al., 2004; Daley et al., 2012) , as candidates for binding partners. Interestingly, this would also be in agreement with the formation of a supercomplex between b 6 f and NDH-1 with a potential role in cyclic (Ohkawa et al., 2000; Battchikova et al., 2011) and respiratory electron transport (Schmetterer, 1994) . As recently observed for NDH-1 and succinate dehydrogenase, binding of PetP to b 6 f and NDH-1 could induce redistribution of these complexes, combined with changes in their electron transport activity (Liu et al., 2012) . Our results further suggest that such changes may be triggered by stress conditions, such as photoinhibition, as the DPetP strain apparently lost the ability to tolerate external stresses like high light as evident from significant growth limitations and from the PSII light saturation curves. On the left the situation in the WT is depicted. The linear electron transport involving water oxidation, PSII, the PQ pool, b 6 f, and PSI is significantly larger than the cyclic transport between b 6 f and PSI. When PetP is missing (right), the linear electron transport is strongly impaired, while the cyclic transport rate is still similar to the WT level. This impairment of linear electron transport leads to overreduction of the PQ pool. As determined on the cellular level, the model shows a stoichiometry of one PetP subunit per b 6 f monomer (which still has to be confirmed on the individual protein level and which may depend on the physiological state).
In summary, this report shows that PetP is an important b 6 f subunit both for structural integrity and functional efficiency. It has a major influence on the activity of linear electron transport and may fulfill a dynamic regulatory role on the cytosolic surface of the thylakoid membrane in contact with other complexes, especially for stress adaptation.
METHODS
Cultivation and Thylakoid Membrane Preparation
Thermosynechococcus elongatus was grown in a 25-liter foil photo bioreactor (Bioengineering) at 45°C in BG-11 medium, bubbled with CO 2 -enriched air (5%), and illuminated with white light of increasing intensity (50 to 250 mE m 22 s 21 ). Cells were harvested after 3 to 4 d at OD 750 = 2 and concentrated to ;2 liters using a hollow fiber system (Amicon DC10 LA). After disruption of the cells by a Parr bomb (2000 p.s.i.; according to Kuhl et al., 2000) , thylakoid membranes were pelleted (Sorvall GSA rotor, 12,000 rpm, 15 min, 4°C) and resuspended in 200 mL buffer A (20 mM HEPES, pH 7.0, 20 mM CaCl 2 , and 10 mM MgCl 2 ). After repeated centrifugation and resuspension in a small volume of buffer B (20 mM HEPES, pH 7.0, 20 mM CaCl 2 , 10 mM MgCl 2 , and 500 mM mannitol), the membranes were frozen in liquid nitrogen and stored at 280°C.
Construction of a DpetP Mutant
Genomic DNA isolated from T. elongatus was used as a template to amplify the up-and downstream sequences of the tsr0524 (petP) gene. For the upstream sequence, the following oligonucleotide primer pair was used: nt-up tsr0524 59-AAGGAAAAGCGGCCGCATGCTGGGAAACTAG-CACGTCCGG-39 and ct-up tsr0524 59-CCAATGCATTGGTTCTGCAG-CAACTCCCAAACTTTGTATAATCC-39. For the downstream sequence, the following oligonucleotide primer pair was used: nt-down tsr0524 59-CCCAAGCTTCCTGCCCTGCCGCCTTTTTCACAGC-39 and ct-down tsr0524 59-CCGCTCGAGCCTATGCTTTCAGTTTTTCAGCC-39. The PCR products were cloned into the pBluescript II KS(+) vector (Fermentas) containing a kanamycin resistance cassette. Cells of wild type and a petCAHis 10 strain containing a chloramphenicol resistance cassette of T. elongatus were transformed by electroporation (Mühlenhoff and Chauvat, 1996; Iwai et al., 2004) with this vector to generate the DpetP mutant strains. Mutant cells were selected by gradually adding kanamycin to the medium up to a concentration of 200 mg/mL or both 16 µg/mL chloramphenicol and 200 mg/mL kanamycin for the double mutant. Single colonies were obtained by plating the mutant strain onto selective agar (200 mg/mL kanamycin and 8 mg/mL chloramphenicol). Segregation was checked by PCR using the following oligonucleotide primer pair: nt-SegCheck 59-GAATCACCTCATAGCGATCGCCATTGTC-39 and ct-SegCheck 59-ATTGACCCAGCTCAGTTGCTGT-39.
Isolation of His-Tagged b 6 f and b 6 f-DPetP Complexes His-tagged b 6 f-complexes (103 His fused to the C terminus of the cyt f subunit) were isolated from T. elongatus cells that had been harvested in the exponential growth phase. Thylakoid membranes were solubilized in extraction buffer (20 mM HEPES, pH 7.0, 20 mM CaCl 2 , 10 mM MgCl 2 , 5 mM Na-ascorbate, 1 mM phenylmethylsulfonyl fluoride, 1 mM N-tosyl-Llysine-chloromethyl ketone, 0.1 mg/mL DNase, 0.1 mg/mL RNase, 1% [w/v] n-dodecyl-b,D-maltoside [b-DM; Biomol] ) at a chlorophyll concentration of 1 mg/mL. After incubation for 20 min, an identical volume of extraction buffer without b-DM was added, followed by centrifugation (Beckman Ti70, 47,000 rpm, 90 min, 4°C) and loading of the supernatant onto a chelating sepharose fast flow column (GE Healthcare) equilibrated with IMAC buffer (20 mM HEPES, pH 7.0, 20 mM CaCl 2 , 10 mM MgCl 2 , 500 mM mannitol, 5 mM Na-ascorbate, 0.03% [w/v] b-DM, and 300 mM NaCl). b 6 f was eluted by a linear gradient of 10 to 100 mM histidine. The pellet was resuspended in IEC buffer (16 mM HEPES, pH 7.0, 10 mM CaCl 2 , 5 mM MgCl 2 , 400 mM mannitol, 5 mM Na-ascorbate, and 0.032% [w/v] b-DM) and loaded onto a UNO Q1 column (Bio-Rad) that had been equilibrated with IEC buffer. b 6 f monomer and dimer were eluted with 1 M NaCl by a stepwise gradient (0 to 4.2 mM, 4.2 to 8.2 mM, 8.2 to 20 mM, and 20 to 50 mM), frozen in liquid nitrogen, and stored at 280°C.
Structural/functional integrity and purity of the complex was assayed by silver-stained (Blum et al., 1987 ) SDS-PAGE (Laemmli, 1970) , immunoblotting (Towbin et al., 1992) , and MS analysis. Activity of isolated complexes was assayed according to (Hurt and Hauska, 1981; Metzger et al., 1997) using 50 mM plastochinol as electron donor, 0.15 mM b 6 f complex and 20 mM cytochrome c as electron acceptor. The redox state of cytochrome c was monitored by spectrophotometry at 550 nm.
BN-PAGE
BN-PAGE with the Hoefer SE 600 system (18 3 16 3 0.15 cm 3 , 10 lanes) was performed as previously described (Schägger and von Jagow, 1991; Schwassmann et al., 2007) ; stacking gels with 3.5% acrylamide and separating gels with linear acrylamide gradients of 5 to 13% were used, and 250 mg solubilized protein was applied per lane.
Gels were stained with Coomassie R 250 or lanes of the blue-native gel were cut out and incubated in a solution of 1% (w/v) SDS and 1% (w/v) b-mercaptoethanol at 20°C. After 30 min, lanes were analyzed by Tricine-SDS-PAGE in the second dimension (Schägger et al., 1994) .
MS Analysis and Protein Identification
For molecular mass determination of protein subunits, samples were analyzed on a Voyager-DE PRO (Applied Biosystems) MALDI-TOF mass spectrometer according to Poetsch et al., (2003) using sinapinic acid in 50% acetonitrile/0.1% trifluoroacetic acid as matrix for dried droplet target preparation.
LC-MS analysis for protein identification was performed according to Rexroth et al. (2012) with slight modifications. For reverse phase chromatography, a gradient of solvent A (95% water, 5% acetonitrile, and 0.1% formic acid) and solvent B (10% water, 85% acetonitrile, 5% isopropanol, and 0.1% formic acid) was used. MS analysis was done on a Thermo LTQ Orbitrap mass spectrometer, operated in a duty cycle consisting of one 400 to 2000 m/z FT-MS and four MS/MS LTQ scans.
Analysis of the liquid chromatography-tandem mass spectrometry data was performed using the Sequest algorithm (Eng et al., 1994) implemented in the Proteome Discoverer 1.3 software (Thermo Scientific) for peptide identification versus a database consisting of all T. elongatus proteins with a tolerance of 10 ppm for the precursor mass accuracy and 1 unit for the fragment mass accuracy. False discovery rates were estimated by the number of spectral matches to a decoy database (Käll et al., 2008) . Acceptance criteria and filters were set to achieve a false positive rate of 5%. Spectral counting (Liu et al., 2004) and normalized spectral abundance factors (Zybailov et al., 2006; Usaite et al., 2008) were applied for relative quantification. The spectral abundance factors consider the length of a protein, which influences the number of spectral counts. Spectral abundance factors take into account that bigger proteins yield more peptides than small ones during proteolytic digest (Neilson et al., 2011) .
Absolute Peptide Quantification
For absolute peptide quantification a triple quadrupole mass spectrometer (TSQ Vantage; Thermo Scientific) was operated in SRM mode (Gerber et al., 2003) . Custom peptides were synthesized by Thermo Scientific for PetA, PetP, PetC, and PetD from T. elongatus with stable isotopes of lysine or arginine to induce mass shifts of 8 or 10 D per peptide, respectively. Supplemental Table 3 contains a list of the peptides and corresponding SRM transitions. These custom peptides were spiked into the tryptic digest right before the MS analysis. For the TSQ Vantage, an ion spray voltage of 1800 V was set, the temperature of the ion transferring tube was adjusted to 270°C, and the collision activated dissociation pressure was set to 1.5 mTorr. The S-lens voltage was experimentally defined, while the collision energy was determined by the skyline software (MacLean et al., 2010) . The biological replicate was analyzed 3-fold.
SRM data have been deposited at the PeptideAtlas SRM Experiment Library and are accessible via the http://www.peptideatlas.org/PASS/ PASS00282 (Farrah et al., 2012) .
All SRM data were manually inspected for retention time and peak identification. The ratios between peak areas of light and heavy labeled peptides were calculated using the skyline software (MacLean et al., 2010) . For the technical replicates, the median and SD were calculated.
Cross-Linking and Identification of Cross-Linked Peptides
Purified b 6 f complex (2.4 mM) was incubated with a 1:1 mixture of BS 3 -H12/D12 (Creative Molecules) in buffer (16 mM HEPES, pH 7.0, 10 mM CaCl 2 , 5 mM MgCl 2 , 4 mM Na-Ascorbat, and 0.03% b-DDM) with a final concentration of 5 mM of the cross-linker. After 30 min incubation on ice, the cross-linking reaction was terminated by addition of NH 4 HCO 3 (100 mM). Tryptic digestion in solution and sample preparation was performed after protein precipitation by addition of cold acetone (Nowaczyk et al., 2011) . Peptides were analyzed on an Orbitrap Elite mass spectrometer (Thermo Fischer Scientific) operated in a duty cycle, which consisted of one FT-MS scan (300 to 2000 m/z, resolution: 240,000) and 20 tandem mass spectrometry scans. Dynamic exclusion was set to 1 min.
Cross-linked peptides were identified with StavroX v. 3.1.19 (Götze et al., 2012) and a cytochrome b 6 f complex subunit-specific database. To sort out false-positive results, two runs per sample were made (H12-BS 3 and D12-BS 3 ) and the corresponding spectra were validated manually only in case of hits in both.
In Vivo Analysis: P700 + Oxidation-Reduction Kinetics/Light Saturation Curves For measurement of P700 kinetics, T. elongatus wild type and mutants were grown in a continuous culture system (Photobioreactor FMT 150/ 400; Photon System Instruments) at 318.15 K in BG11 medium to an OD 735 of 0.75 ensuring constant culture conditions. The half-life of P700 + reduction was determined by a Dual PAM-100 system (Walz). After 10 min dark incubation, cells were exposed to a 50-ms actinic light pulse (2000 mE) and a simultaneous 50-ms multiple turnover pulse to completely oxidize all P700 reaction centers. Subsequent measurement of the P700 + rereduction kinetics yielded electron transport rates toward PSI. Single exponential functions were used for fitting. To estimate linear and cyclic electron transport rates as well as the respiratory flow, 500 mM methyl viologen, 500 mM DCMU, and a combination of 2 mM KCN and 500 mM DCMU were used to block electron pathways as depicted in Figure 6A . Complete inhibition of the electron transport through the b 6 f complex was achieved by the addition of 50 mM DBMIB. For data interpretation, linear and cyclic electron transport routes for PQ reduction and cytochrome c oxidation by PSI and cytochrome c oxidase have been considered (Yu et al., 1993; Yeremenko et al., 2005) . The following set of equations describes the inhibitor experiments ( Figure 6A ): Light saturation curves of the photosynthetic electron transport rate were recorded at defined light intensities using a Dual PAM-100 system (Walz) according to Xu et al. (2008) and Imashimizu et al. (2011) with stepwise increase of the actinic light intensity from 0 to 830 mE m 22 s 21 with 30-s adaptation periods. Maximal fluorescence yields were obtained by saturating light pulses (duration 60 s, intensity 10,000 mE m 22 s 21 ) at the end of each 30-s period.
Heterologous Expression and Purification of PetP
Gene tsr0524 encoding the PetP subunit in T. elongatus was amplified from genomic DNA by PCR using the oligonucleotide primer pair petP BstBI for 59-TGGTTCGAAAAAATCGAAGGGCGCATGGACGTGGGG-CAAAAAGT-39 and petP XhoI rev 59-CGATCTCGAGTTAGCCAAC-GACTTCAACTTCATC-39. The PCR fragment was subsequently inserted into pASK-IBA7 plus (IBA) between the BstBI and XhoI restriction sites. For overexpression, transformed Escherichia coli BL21 (DE3) was grown in Luria-Bertani medium supplemented with 200 mg/L anhydrotetracycline at 37°C. Cells were broken by French press treatment with four cycles at 10,000 p.s.i., and the supernatant was purified with Strep-Tactin sepharose resin (IBA) and a size exclusion column (Superdex75 column; GE Healthcare).
In Vitro Pull-Down Assay
The interaction study was done by conventional affinity chromatography. Heterologously Strep-tagged PetP, expressed in E. coli, was bound to a 5-mL gravity flow Strep-Tactin-sepharose column (IBA). Unbound PetP was removed by washing with five column volumes of buffer W (containing 0.03% [w/v] b-DM), followed by loading 0.7 mM b 6 fDPetP onto the column and 30 min incubation at room temperature. After washing with 15 column volumes, samples were eluted with approximately seven column volumes of buffer E (IBA) containing 0.03% (w/v) b-DM. Eluted fractions with PetP-b 6 fDPetP were analyzed by SDS-PAGE and LC-MS.
Accession Numbers
PetP protein sequences from this article can be found in the GenBank/ EMBL databases under the following accession numbers: T. elongatus BP-1, BAC08076; Synechocystis PCC 6803, WP_010871443; Nostoc sp PCC 7120, WP_010998615; Acaryochloris marina MBIC11017, YP_001520284; Pyropia yezoensis, AGH27608; Pyropia haitanensis, YP_007947811; Porphyra purpurea, NP_053892; and Porphyra umbilicalis, AFC39951.
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